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Differential contributions of subthalamic beta rhythms and 1/f
broadband activity to motor symptoms in Parkinson’s disease
Stephanie Martin 1,2, Iñaki Iturrate 1, Ricardo Chavarriaga 1, Robert Leeb1, Aleksander Sobolewski1, Andrew M. Li1,3,
Julien Zaldivar4,5, Iulia Peciu-Florianu4, Etienne Pralong4, Mayte Castro-Jiménez4, David Benninger 4, François Vingerhoets4,
Robert T. Knight2,6, Jocelyne Bloch 4 and José del R. Millán 1
Excessive beta oscillatory activity in the subthalamic nucleus (STN) is linked to Parkinson’s Disease (PD) motor symptoms. However,
previous works have been inconsistent regarding the functional role of beta activity in untreated Parkinsonian states, questioning
such role. We hypothesized that this inconsistency is due to the influence of electrophysiological broadband activity —a
neurophysiological indicator of synaptic excitation/inhibition ratio— that could confound measurements of beta activity in STN
recordings. Here we propose a data-driven, automatic and individualized mathematical model that disentangles beta activity and
1/f broadband activity in the STN power spectrum, and investigate the link between these individual components and motor
symptoms in thirteen Parkinsonian patients. We show, using both modeled and actual data, how beta oscillatory activity
significantly correlates with motor symptoms (bradykinesia and rigidity) only when broadband activity is not considered in the
biomarker estimations, providing solid evidence that oscillatory beta activity does correlate with motor symptoms in untreated PD
states as well as the significant impact of broadband activity. These findings emphasize the importance of data-driven models and
the identification of better biomarkers for characterizing symptom severity and closed-loop applications.
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INTRODUCTION
Parkinson’s Disease (PD) is associated with an excessive synchro-
nization of beta oscillatory activity (13–30 Hz) in local field
potentials (LFPs) recorded from the subthalamic nucleus (STN).1
Enhanced beta activity has been linked to bradykinesia and
rigidity symptoms severity, providing a potential biomarker of
disease state. Both the dopamine precursor levodopa2 and deep
brain stimulation (DBS)3 disrupt enhanced beta activity, and the
relative changes (OFF vs. ON medication/stimulation) in beta
activity significantly correlate with clinical motor improvements.4
However, the relationship between PD OFF state beta activity and
untreated clinical states has been largely inconsistent, questioning
the mechanistic or epiphenomenal nature of beta oscillations.
Indeed, some studies have found no significant correlation
between beta activity at rest, and clinical scores in PD OFF state.4
Alternatively, several studies found a significant link with more
complex metrics derived from beta,5 or have not taken into
account the changes in clinical scores due to the surgical stun
effect.6
We hypothesized that, in order to estimate an accurate beta
biomarker for PD OFF state, it is needed to isolate beta activity
from other ongoing physiological processes that could poten-
tially confound the measurements. By default, measurements of
STN beta oscillatory activity contain electrophysiological, broad-
band activity, which reflects random intrinsic electrical
fluctuations within neuronal networks that display a 1/f spectral
pattern. Recent works have shown that this broadband activity is
a reliable neurophysiological indicator of the synaptic excita-
tion/inhibition ratio,7 and have linked it with age and cognitive
impairments.8 Given its physiological nature, we argue that
broadband activity could impact and confound beta oscillatory
activity, potentially explaining the large variability across studies
(Fig. 1a, b).
Here we decompose the LFP power spectrum using a data-
driven, automatic mathematical model as the sum of two
independent neurophysiological elements: beta oscillatory activity
modeled as a Gaussian function, and 1/f broadband activity
corresponding to an exponential function (Fig. 1c, d and
Supplementary Methods). We recorded 6min of resting state
STN LFPs bilaterally on thirteen PD patients (N= 26), and
measured immediately afterwards their motor clinical scores
(UPDRS part III motor examination, items 20 (tremor at rest), 22
(rigidity) and 23 (bradykinesia)). We evaluated the impact of
broadband activity on the relationship between beta activity and
motor symptoms, compared our model results with those
obtained with actual data, and quantified the stability of both
broadband and beta activity over time in order to determine the
suitability of our approach for closed-loop deep brain
stimulation.9,10
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RESULTS
Goodness-of-fit (R2) between the modeled and actual power
spectral densities (PSD) ranged between 0.95 and 0.99 (Supple-
mentary Figure 1). There was a very strong correlation between
the modeled beta activity and frequency and those found in the
actual data (r= 0.97, p= 10–7, r= 0.62, p= 0.0006, respectively,
see Supplementary Figure 2), confirming that our mathematical
model accurately fitted the power spectrum and predicted the
beta activity in an automated, data-driven manner (see Supple-
mentary Methods and Results).
Removal of broadband activity from the estimation of beta
activity yielded significantly higher correlations with clinical scores
than the estimation of beta with broadband activity for
bradykinesia, rigidity, bradykinesia plus rigidity, and all three
clinical scores summed together (FDR corrected p < 0.05, Hotell-
ing’s t test), but not for tremor (p= 0.32), Fig. 2a, b. While
correlations between motor symptoms and beta activity without
broadband activity were significant (Spearman’s correlation, FDR
corrected p < 0.05), they were not for beta activity with broadband
activity (FDR corrected p > 0.05 for all cases). Importantly, similar
results were obtained when using the actual rather than the
modeled power spectrum (see Fig. 2b): the correlations using
actual PSDs were significant only when removing the broadband
activity (FDR corrected p < 0.05 for Bradykinesia, Rigidity, B+ R
and B+ R+ T), but not when considering the broadband activity
Fig. 1 Effects of electrophysiological broadband activity on the estimation of beta activity. a Examples of simulated data representing how
the 1/f broadband activity can lead to incorrect estimations of pathological beta rhythms. b Examples of how the estimation of beta changes
when the broadband activity is small (i and iii) or large (ii). c Mathematical modeling of broadband activity and beta activity, together with the
parameters estimated. The panel depicts the actual fitting from patient 5 (left hemisphere); the other model fits to individual patients are
reported in Supplementary Figure 1. d Effect of changing one parameter on the broadband activity (top panel) and beta activity (bottom
panel) functions; light color= small parameter value, neutral color= intermediate parameter value, dark color= large parameter value. See
Supplementary Methods for details
Fig. 2 Isolated beta activity significantly improves prediction of clinical scores. a Spearman’s correlation coefficient between beta amplitude
and motor symptoms (N=26; modeled PSD without broadband activity). b Comparisons of Spearman’s correlation coefficients between beta
activity and motor symptoms, with and without broadband activity, and for both the modeled and the actual PSDs. Error bars denote
standard deviation of the correlation coefficient (*p < 0.05, **p < 0.01, Hotelling’s t test for significant differences between correlations, FDR
correction; ▼p < 0.05, test for significance for each correlation, FDR correction). c Spearman’s correlation between broadband activity and
each motor symptom and age, at each frequency bin. Significant correlations are marked by shadowed regions (p < 0.05, FDR correction). B
bradykinesia, R rigidity, T tremor
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(p > 0.05). In this case, the improvement of correlation was
significant for rigidity, and bradykinesia plus rigidity (FDR
corrected p= 0.02 and p= 0.03, respectively).
We found no significant differences between the results
using the model and those obtained using actual data (FDR
corrected p > 0.2 for all cases). Despite this, the model approach
still explained more variance (without broadband activity;
Bradykinesia= 30%, Rigidity= 47%, Tremor= 0.45%, B+ R=
46%, B+ R+ T= 26%) than in the actual data (without broadband
activity; Bradykinesia= 25%, Rigidity= 45%, Tremor= 1%, B+ R
= 41%, B+ R+ T= 20%), indicating that the model explained
more accurately the symptoms. Altogether, these results validate
our modeling approach and suggest its benefits due to being
automatic and data-driven.
Although we cannot rule out that the broadband activity might
actually be a combination of device noise and true broadband
activity, the same equipment was used for all the recordings
performed. As such, potential impedance differences should
average out at the group level. In addition, we found a significant
negative correlation between age and broadband activity (Fig. 2c)
for frequencies ranging between 7 and 21 Hz (FDR-corrected p <
0.05), and a positive correlation for frequencies ranging between
150 and 200 Hz (p < 0.05) in line with previous results,8 providing
strong evidence against the non-physiological nature of the
recorded broadband activity.
We also evaluated the variability of the broadband and beta
activities at the sub-second level to assess the potential impact of
broadband activity within an adaptive, closed-loop DBS scenario.
To this end, we measured the standard deviation of beta and
broadband activities over the recordings of one-second sliding
windows with a 95% overlapping. Results showed that the
variability throughout time of beta activity was significantly
smaller than that of the broadband activity (variability across
subjects for beta activity= 0.026 ± 0.028 and for broadband
activity= 0.031 ± 0.027; Wilcoxon signed rank test; p < 10–4).
DISCUSSION
Despite advances in the understanding of the pathophysiology
underlying PD, the causal role of beta activity remains unclear.
This work presents further evidence of how resting oscillatory beta
activity correlates with PD OFF states measured immediately after
the recordings. Indeed, although Neumann et al. have found
similar results, in their case, beta activity was correlated with pre-
operative UPDRS III (OFF medication) measured between 1 to
12 weeks prior to the surgery.6 As such, this measure may not
represent the actual clinical state during the recordings due to the
long time period between measurements, and also due to the
surgical stun effect. Other studies that successfully correlated beta
biomarkers with PD OFF state have used more complex measures,
such as entropy.5 Although these methods have implicitly tackled
the variability induced by broadband activity, they have not
explicitly addressed its impact when measuring beta as biomar-
kers. Here we showed how including broadband activity when
estimating the beta biomarker led to non-significant correlations
using modeled and actual data, while its removal led to a
significant and more accurate estimation of the beta biomarker of
symptom severity.
In this study, we evaluated for the first time the impact of the
broadband activity on the estimation of beta activity. Our results
prove that broadband electrophysiological activity confounded
the measurements of beta oscillatory activity, support its
physiological nature (significant correlation with age), and show
its independence from other symptoms (lack of correlation with
PD motor symptoms). It has been hypothesized that increases in
broadband activity are a consequence of a pathological decou-
pling between population spiking activity and low-frequency
oscillatory neural fields11 and is associated with an imbalance
between synaptic excitation and inhibition.7
These results have a direct implication for closed-loop deep
brain stimulation, where the stimulation is triggered only based on
the appearance of a biomarker of the pathology.9,10 Our modeling
approach potentially allows to extract a more reliable quantifica-
tion of the proposed biomarker –pathological beta activity– as it
encodes significantly better the severity of motor symptoms. In
addition, we found that both beta oscillatory and broadband
activity vary at the sub-second level extending previous works
using computational models of broadband activity,11 and thus
could impact the reliability of a closed-loop applications. As such,
these results emphasize the benefits of modeling these neural
components separately. Finally, our mathematical model is fully
automatic, data-driven and personalized to patients and thus
could lead to a more effective closed-loop therapy.10
METHODS
All 13 patients volunteered and gave written informed consent. Experi-
mental protocol was approved by the local ethical committee (CER-VD,
Commission Cantonale (VD) d’Ethique de la recherche sur l’être humain).
Detailed methods are provided in the Supplementary Materials. This
research has been previously published as a preprint.12
Code availability
Data analyses were conducted in Matlab using scripts available from the
corresponding author upon reasonable request.
DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
ACKNOWLEDGEMENTS
We thank Michael Pereira and Elvira Pirondini for their comments on the manuscript
and help on the recordings. I.I., R.C., R.L., A.S., J.d.R.M. were supported by the Swiss
National Centres of Competence in Research (NCCR) Robotics. I.I. also acknowledges
support from the ‘EPFL Fellows’ fellowship program co-funded by Marie Curie, FP7
Grant agreement no. 291771. RTK is supported by NINDS R37NS21135. DB is
supported by the Foundation Parkinson Switzerland, the Swiss Dystonia Society and
the Swiss Accident Insurance Fund, and holds the Baasch-Medicus Prize.
AUTHORS CONTRIBUTIONS
S.M. Research project: conception and execution. Statistical analysis: design and
execution. Manuscript: writing of the first draft, review and critique. I.I. Research
project: conception, organization and execution. Statistical analysis: design and
execution. Manuscript: writing of the first draft, review and critique. R.C. Research
project: conception and organization. Manuscript: review and critique. R.L. Research
project: conception and organization. Manuscript: review and critique. A.S. Research
project: organization and execution. Manuscript: review and critique. A.M.L. Research
project: execution. Manuscript: review and critique. J.Z. Research project: organiza-
tion. Manuscript: review and critique. I.P.-F. Research project: organization. Manu-
script: review and critique. E.P. Research project: organization. Manuscript: review and
critique. M.C-J. Research project: organization. Manuscript: review and critique. D.B.
Research project: conception. Manuscript: review and critique. F.V. Manuscript: review
and critique. R.T.K. Manuscript: review and critique. J.B. Research project: conception,
organization and execution. Manuscript: review and critique. JdR.M. Research project:
conception, organization and execution. Manuscript: review and critique.
ADDITIONAL INFORMATION
Supplementary information accompanies the paper on the npj Parkinson’s Disease
website (https://doi.org/10.1038/s41531-018-0068-y).
Competing interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.
Differential contributions of subthalamic beta rhythmsy
S Martin et al.
3
Published in partnership with the Parkinson’s Foundation npj Parkinson’s Disease (2018)    32 
REFERENCES
1. Hammond, C., Bergman, H. & Brown, P. Pathological synchronization in Parkin-
son’s disease: networks, models and treatments. Trends Neurosci. 30, 357–364
(2007).
2. Kühn, A. A., Kupsch, A., Schneider, G.-H. & Brown, P. Reduction in subthalamic 8-
35 Hz oscillatory activity correlates with clinical improvement in Parkinson’s
disease: STN activity and motor improvement. Eur. J. Neurosci. 23, 1956–1960
(2006).
3. Eusebio, A. et al. Deep brain stimulation can suppress pathological synchroni-
sation in parkinsonian patients. J. Neurol. Neurosurg. Psychiatry 82, 569–573
(2011).
4. Ray, N. J. et al. Local field potential beta activity in the subthalamic nucleus of
patients with Parkinson’s disease is associated with improvements in bradyki-
nesia after dopamine and deep brain stimulation. Exp. Neurol. 213, 108–113
(2008).
5. Chen, C. C. et al. Complexity of subthalamic 13–35Hz oscillatory activity directly
correlates with clinical impairment in patients with Parkinson’s disease. Exp.
Neurol. 224, 234–240 (2010).
6. Neumann, W.-J. et al. Subthalamic synchronized oscillatory activity correlates
with motor impairment in patients with Parkinson’s disease: Correlation of
Subthalamic Β Oscillations and PD Symptoms. Mov. Disord. 31, 1748–1751 (2016).
7. Gao, R., Peterson, E. J. & Voytek, B. Inferring synaptic excitation/inhibition balance
from field potentials. Neuroimage 158, 70–78 (2017).
8. Voytek, B. et al. Age-related changes in 1/f neural electrophysiological noise. J.
Neurosci. 35, 13257–13265 (2015).
9. Little, S. et al. Adaptive deep brain stimulation in advanced Parkinson disease.
Ann. Neurol. 74, 449–457 (2013).
10. Iturrate, I., Pereira, M. & Millán, JdR. Closed-loop electrical neurostimulation:
challenges and opportunities. Curr. Opin. Biomed. Eng. 8, 28–37 (2018).
11. Freeman, W. J. & Zhai, J. Simulated power spectral density (PSD) of background
electrocorticogram (ECoG). Cogn. Neurodyn 3, 97–103 (2009).
12. Martin, S. et al. Differential contributions of subthalamic beta rhythms and neural
noise to Parkinson motor symptoms. biorxiv, https://doi.org/10.1101/312819
(2018).
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.
© The Author(s) 2018
Differential contributions of subthalamic beta rhythmsy
S Martin et al.
4
npj Parkinson’s Disease (2018)    32 Published in partnership with the Parkinson’s Foundation
